In this study, a TiO 2 nanorod array based TiO 2 /water solid-liquid heterojunction ultraviolet photodetector, fabricated via a low-cost hydrothermal process is reported. The device exhibits several excellent characteristics such as self-powered, visible-blind and fast response, high photosensitivity, and linear variations in photocurrent for incident UV-light intensities. In addition, suggestions are provided to further improve device performance and increase the growth density of TiO 2 nanorod array in the initial growth stage of the hydrothermal process to avoid the FTO surface being directly exposed to the electrolyte (water) which is a key factor in the developing direction.
Introduction
Titanium dioxide (TiO 2 ) is a nontoxic and low-cost wide bandgap semiconductor. It has been widely studied as a key material for fabricating photocatalytic water-splitting devices, 1, 2) dye-sensitized solar cells (DSSCs), 3, 4) lithium-ion batteries, 5, 6) gas sensors, 7, 8) and ultraviolet photo-detectors (UVPDs). 9, 10) In order to improve the performances of devices, TiO 2 nanomaterials such as TiO 2 nanoparticles, 11) TiO 2 hollow nanospheres, 12) TiO 2 nanotubes, 13) TiO 2 nanowires, 14) and TiO 2 nanorods 15) constructed nanomaterials have been extensively investigated during the last decade.
Ultraviolet photodetectors (UV-PDs) have been broad researched due to its civil, industrial, and military applications, such as pollutant monitoring, remote control, ame detection, missile warning and guidance, and so forth. 16 ) Conventional UV-PDs are based on epitaxial growth process and constructed from various solid-state junctions such as p-n, p-i-n, Schottky barrier (SB), metal-semiconductor-metal (MSM), and metal-insulator-semiconductor (MIS) structures. 17, 18) Besides, these UV-PDs typically require an external bias as a driving force to separate the photogenerated electron-hole pairs and to generate photocurrent. Previously, Lee and Hon reported a novel UV-PD based on TiO 2 /water solid-liquid heterojunction (SLHJ).
10) The device was designed using an active layer (TiO 2 lm) contact with electrolyte (pure water) to form a TiO 2 /water SLHJ. This TiO 2 /water SLHJ owns an SB-like behavior that allows the device to be operated in photovoltaic mode (self-powered ability). Moreover, the TiO 2 / water SLHJ UV-PD exhibited high photosensitivity, excellent spectral selectivity, linear variations in photocurrent, and fast response. In addition, the device was constructed without any single-crystal substrate, and epitaxial processes that allowed a low production cost.
In this work, a TiO 2 nanorod array (TNA) was directly grown on uorine-doped tin oxide coated glass (FTO-glass) substrate by a vacuum-free, low-temperature, and low-cost hydrothermal process. The TNA was used as an active layer to fabricate the SLHJ UV-PD. It was predicted that the TNA active layer could likely improve the performance of SLHJ UV-PD. Because the TNA active layer allows the device to own markedly enlarged contact area of TiO 2 /water SLHJ. Besides, the TiO 2 nanorods (TNs) of TNA grown by hydrothermal process have a single-crystalline structure. The single-crystalline TNs provide a straight pathway with high mobility for photogenerated carrier transportation.
The results show that the TNA-based SLHJ UV-PD has a self-powered ability. Although the device is operated without any external bias, the device exhibits an excellent spectral selectivity (300-410 nm), linear variations in photocurrent, and fast response (both rising and decaying times are less than 0.5 s). Also, the TNA-based SLHJ UV-PD has a suitable photosensitivity (a ratio of photocurrent to dark-current) ranging from 6 to 1150 for incident UV-light (λ = 365 nm) intensity varied from 48 nW to 22 μW (0.244 μW/cm 2 to 0.113 mW/ cm 2 ). Unfortunately, the maximum photoresponsivity is only 3 mA/W. It is suggested that the possible reason for the low photoresponsivity of the TNA-based SLHJ UV-PD is because the TNs are not densely grown on the FTO-glass substrate at the initial stage of hydrothermal process. Therefore, numerous FTO surface areas are directly exposed to electrolyte (FTO contact with water to form an FTO/water interface) that causes internal recombination paths of photogenerated electron-hole pairs. However, this work points out an improving direction and possibility for fabricating a high performance UV-PD based on a TNA active layer grown by hydrothermal process.
Experimental Procedures

Fabrication and characterization of TiO 2 nanorod
array In this work, a TiO 2 nanorod array (TNA) was grown on uorine-doped tin oxide coated glass (FTO-glass) substrate by hydrothermal process. In order to grow the TNA on an FTO-glass substrate, 1 mL of titanium butoxide (97%, Aldrich), 30 mL of hydrochloric acid (36 wt%, J. T. Baker), and 30 mL of deionized (DI) water were mixed and stirred in a tank for 10 min. After stirring, the mixed solution and an FTO-glass substrate were put into a Te on-lined stainless steel autoclave. The autoclave was then heated at 180 C for 3 h in an electric furnace. Finally, after the autoclave was cooled to room temperature, the sample was taken out, rinsed with DI water and dried in a nitrogen ow for subsequent analysis.
The crystalline structure of TNA was examined by a RIGA-KU D/MAX2500 X-ray diffraction (XRD), using a monochromatic Cu Kα X-ray source (wavelength is 1.5406 Å) at 40 kV and 100 mA. The surface and cross-sectional morphologies of the TNA grown on FTO-glass were observed by a Hitachi SU-8000 scanning electron microscope (SEM) with an accelerating voltage of 5 kV. The UV-visible transmittance spectra of the FTO-glass substrate and TNA grown on FTOglass were analyzed by a Jassco V-670 UV-visible spectrometer. Figure 1 shows the schematic device structure and characterization of the TNA-based TiO 2 /water solid-liquid heterojunction (SLHJ) ultraviolet photodetector (UV-PD). The structure and fabrication procedure of the TNA-based SLHJ UV-PD is similar to the TiO 2 lm based SLHJ UV-PD that was already described in previous study.
Fabrication and characterization of TNA-based ultraviolet photodetector
10) The main difference between the TNA-based and TiO 2 lm based TiO 2 /water SLHJ UV-PDs is that the latter used an active layer of TiO 2 lm grown by atomic layer deposition (ALD), 19) while the former used a TNA active layer grown by a non-vacuum, low-cost hydrothermal process. The active area of the device for UV-light detection is about 0.196 cm 2 . The device performance of TNA-based SLHJ UV-PD is examined by an incident UV-light intensity dependent current-time (I-T) characterization and a measurement of spectral photoresponsivity. The incident UV-light intensity dependent I-T characteristics of TNA-based SLHJ UV-PD were measured at room-temperature by an assembled instrument, using an Autolab PGSTAT12 potentiostat as a meter for photocurrent collection and a Nichia NSHU591B 365 nm UV-LED as an intensity-adjustable light source. The spectral photoresponsivity of the TNA-based SLHJ UV-PD was also measured by an assembled instrument, using an Autolab PG-STAT12 potentiostat as a meter for photocurrent collection and a wavelength-adjustable light source as the incident light. The incident light intensities were measured by an Ophir NOVA II power meter. Figure 2 shows the top-view morphology of TiO 2 nanorod array (TNA) grown on FTO-glass (SnO 2 :F lm coated on glass) substrate by hydrothermal process. It can be clearly observed that there are many rectangular TiO 2 nanorods uniformly distributed on the FTO surface with an average dimension of about 80 nm, and the overall thickness of TNA is about 800 nm (as shown in Fig. 8a) . Moreover, the typical surfaces of TiO 2 nanorods are rough with many step-edges, but the side surfaces of the TiO 2 nanorods are smooth with a low density of step-edges. Liu Figure 3 shows the XRD patterns of the TNA grown on 20) However, in this work, the (002) peak is weak and the strongest peak is (101) plane. Similar results were also found in reports of Bang et al. 21) and Han et al. 22) , but this phenomenon had not been discussed. In fact, the difference can be attributed to the different growth densities of TiO 2 nanorods. When the TiO 2 nanorods are densely grown on the substrate to form the TNA (such as the Ref. 20), the TiO 2 nanorods are almost vertically grown on the substrate due to lacking side-spaces. Therefore the (002) planes of TiO 2 nanorods are almost parallel to substrate that resulting in the (002) plane can be correctly detected by XRD.
Results and Discussion
In this work, it can be clearly observed from the SEM images (Fig. 2) that the TiO 2 nanorods do not grow vertically on the substrate (similar to the Ref. 21 and22), and thus the (002) plane could not be correctly detected by XRD. Therefore, the TNA shows a weak (002) XRD peak, although the TiO 2 nanorods have a (002) preferred growth plane. Figure 4 shows the incident light dependent current-time (I-T) characteristics of the TNA-based TiO 2 /water SLHJ UV-PD measured at 0 V bias and exposed to 365 nm UV-light on/ off switching irradiation. 2 ), respectively. The results show that the photocurrents are increased with increasing incident light intensity, and present excellent reproducible photoresponses, although the TNA-based SLHJ UV-PD is operated without any external bias. This is because the SLHJ UV-PD has an inherent built-in potential created from a Schottky barrier (SB) like TiO 2 /water SLHJ. 10, 23) This built-in potential acts as a driving force to separate the photogenerated electron-hole pairs that allow the SLHJ UV-PD to be operated in photovoltaic (PV) mode (without any external bias) and to generate photocurrents. Figure 5 shows the partial I-T plots of the TNA-based SLHJ UV-PD selected from Fig. 4 , which is used to evaluate the response times of TNA-based SLHJ UV-PD. It can be seen that the TNA-based SLHJ UV-PD has a fast response. Both the decaying and rising times of the photocurrents are less than 0.5 s, although the incident UV-light intensity is as weak as 48 nW (0.244 μW/cm 2 ). In addition, it can be clearly found a spike appeared at the beginning of each UV-light irradiation in Fig. 4 and 5a that can be attributed to the internal leakage derived from the FTO/water interface inside the device. The reason for internal leakage of device is discussed later in the following paragraphs. Figure 6 shows the photocurrent and photosensitivity of the TNA-based SLHJ UV-PD versus incident light intensity. The photocurrents of the TNA-based SLHJ UV-PD are measured at 0 V bias and exposed to 365 nm UV-light irradiation with light intensities varying from 48 nW to 22.2 μW (0.244 μW/cm 2 to 0.113 mW/cm 2 ). The photosensitivity of the TNA-based SLHJ UV-PD shows discernment in the detection of incident UV-light that is de ned as the signal-tonose ratio, and is calculated from eq. (1), as
where S is the photosensitivity, I p is the photocurrent for different incident UV-light intensities, and I d is the dark current. The results clearly show that the TNA-based SLHJ UV-PD has excellent UV-light detecting ability. Its photocurrents are almost linearly varied with incident UV-light intensity. This linear variation in photocurrent with UV-light intensity suggests that the TNA-based SLHJ UV-PD can be easily applied for accurate UV-light measurement. Furthermore, although the incident UV-light intensity is as weak as 48 nW (0.244 μW/cm 2 ) the photosensitivity has already reached 6, and when the incident UV-light intensity increases to 22 μW (0.113 mW/cm 2 ), its photosensitivity reaches 1150. The photoresponse spectrum of the TNA-based SLHJ UV-PD measured at 0 V bias is shown in Fig. 7a . The corresponding UV-visible transmittance spectra for FTO-glass substrate and TNA grown on the FTO-glass are shown in Fig. 7b . Clearly, the TNA-based SLHJ UV-PD has excellent UV-light detection selectivity. It can be seen that the TNA-based SLHJ UV-PD displays visible-blind behavior with a spectral response of 300-410 nm. The spectral response edge of 300 nm is limited by the transmittance of the FTO-glass substrate (as shown in Fig. 7b) . The spectral response edge of 410 nm is attributed to the energy bandgap of the TNA active layer. Because the TNA has a rutile crystalline structure (as shown in Fig. 3 ) that the bandgap energy of rutile TiO 2 is about 3.0 eV (cut-off wavelength is about 413 nm) in theory. The excellent UV-light detection selectivity of TNA based SLHJ UV-PD shows that it is very suitable for UV-A range applications and the visible-blind behavior allows it operating without any lter for visible and infrared lights. However, the maximum photoresponsivity is only 3 mA/W located at wavelength of about 350 nm.
Compare this work (TNA as active layer for device) with previous study (TiO 2 lm as active layer for device) 10) as shown in Table 1 , and it can be clearly seen that the TNA based SLHJ UV-PD exhibits several excellent characteristics like a TiO 2 lm based SLHJ UV-PD, such as self-powered, visible-blind, fast response, high photosensitivity, and linear variations in photocurrent for incident UV-light intensity. Although it is predicted that the performance of SLHJ UV-PD could be improved by using TNA replaced TiO 2 lm as an active layer of device because the TNA active layer allows the device to own enlarged contact area of TiO 2 /water SLHJ. Unfortunately the TNA based SLHJ UV-PD displays the lower photosensitivity and photoresponsivity than TiO 2 lm based SLHJ UV-PD. The reason for low photosensitivity and photoresponsivity can be attributed to an internal leakage path oc- curred at the interface of FTO/water. According to the SEM analyzed results (Fig. 8) for the cross-sectional morphologies of TNA grown by hydrothermal process and TiO 2 lm grown by atomic layer deposition (ALD) on FTO-glass substrates. It can be observed that the ALD-TiO 2 lm is conformably grown on the FTO-glass substrate and the FTO surface has been fully covered with TiO 2 lm (as shown in Fig. 8b) . However, the cross-sectional morphology of TNA grown on FTO-glass substrate (Fig. 8a ) displays that there are some FTO surface areas are not well covered with TiO 2 because the TiO 2 nanorods do not densely grow there.
Using the TNA/FTO-glass to fabricate TiO 2 /water SLHJ UV-PD, the non-TiO 2 -covered FTO surfaces will directly contact with electrolyte (water) and then creating FTO/water interfaces in the inner of device. Therefore, in the photocurrent generation process (photogenerated electrons move from the TiO 2 nanorods through the FTO into the external circuit), the photogenerated electrons are partially recombined at the FTO/water interfaces (called as internal leakage), resulting in the lower photocurrent, photosensivity, and photoresponsivity of TNA-based SLJH UV-PD than TiO 2 lm based SLHJ UV-PD.
It can be imagined that to further improve the performance of TNA-based TiO 2 /water SLHJ UV-PD, how to increase the growth density of TNA in the initial growth stage for avoiding FTO surface directly expose to electrolyte (water) is the key factor in the developing direction. For increasing TNA growth density, two simple methods of increasing the titanium butoxide (TTBO) concentration and using two-step hydrothermal growth process are suggested. Liu and Aydil demonstrated that the TNA growth density was increased by increasing concentration of TTBO. Moreover, via two-step hydrothermal growth process, the TiO 2 nanorods were grown taller and wider, ultimately touching each other to form a dense and continuous lm at the bottom of TNA and on the surface of FTO-glass substrate. 20) 
Conclusions
In this work, a TNA-based TiO 2 /water SLHJ UV-PD is successfully fabricated via a non-vacuum, low-cost hydrothermal process. The device has several excellent abilities for UV-light detection, such as self-powered ability, good spectral selectivity, high photosensitivity, fast response, and linear variations in photocurrent for incident UV-light intensities that shows a high potential and possibility for fabricating high performance UV-detector via a vacuum-free, low-temperature, and low-cost hydrothermal process. However, the maximum photoresponsivity of the device is only 3 mA/W due to internal leakage occurred at the FTO/water interfaces inside the device. The formation of FTO/water interface is attributed to the TiO 2 nanorods are not densely grown on the FTO surface at the initial stage of hydrothermal process. Therefore, some FTO surfaces are not covered by TiO 2 and directly contacted with water. For future to further improve the performance of TNA-based TiO 2 /water SLHJ UV-PD, how to increase the growth density of TNA in the initial growth stage for avoiding FTO surface directly expose to electrolyte (wa- ter) is the key point and developing direction.
